We present here results on a Raman spectroscopic study of the deposited defected graphene on Si substrates by chemical vapor deposition (thermal decomposition of acetone). The graphene films are not deposited on the (001) Si substrate directly but on two types of interlayers of mixed phases unintentionally deposited on the substrates: а diamond-like carbon (designated here as DLC) and amorphous carbon (designated here as αC) are dominated ones. The performed thorough Raman spectroscopic study of as-deposited as well as exfoliated specimens by two different techniques using different excitation wavelengths (488, 514, and 613 nm) as well as polarized Raman spectroscopy establishes that the composition of the designated DLC layers varies with depth: the initial layers on the Si substrate consist of DLC, nanodiamond species, and C 70 fullerenes while the upper ones are dominated by DLC with an occasional presence of C 70 fullerenes. The αC interlayer is dominated by turbostratic graphite and contains a larger quantity of C 70 than the DLC-designated interlayers. The results of polarized and unpolarized Raman spectroscopic studies of as-grown and exfoliated graphene films tend to assume that single-to three-layered defected graphene is deposited on the interlayers. It can be concluded that the observed slight upshift of the 2D band as well as the broadening of 2D band should be related to the strain and doping.
Introduction
Graphene is a one-atom-thick layered material that consists of completely sp 2 -bonded carbon atoms tightly packed into a honeycomb lattice. It has a lot of unique properties promising a huge number of possible applications (see, e.g., [1] ). A lot of different ways of synthesizing graphene were experimentally tested during the last decade; however, only thermally and plasma-assisted chemical vapor deposition (CVD/PECVD) on metal substrates (copper, nickel, etc.) [2, 3] as well as epitaxial growth on SiC substrates and so on [4, 5] were developed for industrial application. The latter method is based on C (or Si) termination of the (0001) C (or (0001) Si ) SiC surface and requires high temperature and expensive SiC substrates. The CVD method is based on the plasma-enhanced thermal decomposition of a carboncontaining precursor on a catalytic metal surface. This method provides high reliability and relatively high quality of graphene films, and now, there are a lot of suppliers of reactors for PECVD of graphene. The most preferred precursor is methane (CH 4 ) as the chemical bond in CH 4 is relatively strong and prevents fast decomposition of the reagent at temperatures below 1000°C (see, e.g., [6] ). However, production for microelectronic applications requires transfer of the graphene layers on an insulating surface and, consequently, a large number of additional defects affecting the properties of graphene can be introduced. Therefore, the problem with the deposition of graphene on silicon (or surfaces compatible with silicon technology such as SiO 2 ) still remains unsolved. We demonstrated the possible application of acetone as a precursor in a thermally assisted CVD and showed that few-layered defected graphene/folded graphene can be deposited on commercially available metal foils-Ni, (Cu 0.5 Ni 0.5 ), μ-metal, and stainless steel SS 304 in a recently published work [7] . Further, we established (see [8] ) by Raman spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), and grazing incidence X-ray diffraction (GIXRD) as well as by X-ray photoelectron spectroscopy (XPS) the presence of single-to few-layered defected graphene on two different types of interlayers deposited on (100) Si surface: (i) a diamond-like carbon (DLC) layer with some SiC contents (in the range below 5w%) and some residual quantities of SiO 2 , and (ii) a complex amorphous carbon layer consisting of a mixture of sp 2 -and sp 3 -hybridized carbon as well as very small amount of fullerenes, SiO, and so on.
Here, we focus our experimental study on the Raman spectroscopic characterization of defected as-deposited graphene layers (including polarized spectroscopy) as well as graphene flakes exfoliated from similar specimens by two different ways using 488, 514, and 633 nm excitation laser wavelengths aiming at unambiguous confirmation of the graphene deposition of as well as the identification of the exact composition of the interlayers between the Si substrate and graphene layer/s.
Experimental
2.1. CVD Process. We use 2 inches in diameter (001) Si substrates and a horizontal tube quartz CVD reactor with an internal diameter of approximately 70 mm. The experimental setup also consists of a gas-supply system (inlet and outlet parts), a thermostat with acetone evaporation alert/indication system, a quartz substrate holder, and a resistive heating furnace. The CVD process is based on thermal decomposition of acetone in Ar main gas flow. The deposition temperature was in the range 1150-1160°C. The temperature of the thermostat was kept at 12°C. In order to prevent the supersaturation in the high-temperature zone of the reactor, we used a "pulsed" regime in experiments by alternating the flow of the gas mixture of Ar + C 3 H 6 O) for 3 min on top of the main flow of pure Ar of about 150-180 cm 3 /min for 1.5 min for each pulse. The optimal results (predominantly singlelayered graphene) were obtained after two deposition pulses.
Exfoliation.
We exfoliated the carbon films deposited on (001) Si substrates by the following two different techniques:
(i) The Scotch tape method (see, e.g., [9] ): we put tightly the adhesive Scotch tape on the multilayered graphene side of the specimens. After peeling the tape off the specimen, a single-to few-layered graphene remains on the tape's surface and the interlayer between the upper few layers of graphene and the substrate becomes accessible for spectroscopic examination. Then, we put tightly the Scotch tape with graphene flakes either on 320 nm SiO 2 /Si or on glass substrate. About 30-50% of the graphene flakes remain adhered to the SiO 2 or glass substrate after removing the tape due to the Van der Waals force.
(ii) We also adhered the multilayered graphene side of the specimens to epoxy resin. After careful cleavage, the most part of the graphene layer/s remains on the surface of the resin. Then, the adhered to the resin graphene film becomes accessible for spectroscopic examination. The Raman spectrum of the epoxy resin does not contain strong peaks around the 2D band of graphene (the area around 2630-2670 cm , respectively, or better. The Raman spectrum of graphene is a clearly established fingerprint of this 2D material (see [10] ). The main firstorder features in the Raman spectra of graphene and defect-infested graphene excited at 633 nm wavelength are the following:
) is the only band in graphene allowed by selection rules for first-order Raman effect; it is ascribed to optical (iTO and LO) doubly degenerate phonons of E 2g symmetry at the Γ point (initially described by Tuinstra and Koenig [11] ).
(ii) D band (~1330 cm −1 ) is due to breathing-like bands of C hexagonal rings (corresponding to transverse optical phonons near the K point) and requires a defect for its activation via an intervalley doubleresonance Raman process (see [12] ).
(iii) D' band (at about 1615 cm −1 ; defect induced similarly to the D band) occurs via an intravalley double-resonance process (see, e.g., [13] ). ) is resulting from double-resonance intervalley scattering of LA phonons on defects (see [14] ). The intensity of this band should be about 100 times lower than that of the D band.
Overtones and combination bands:
(i) 2D band (historically known from graphite and carbon nanotube-related literature as G'-peak) appears at about 2648-2665 cm −1 . It is clearly shown [15] [16] [17] [18] [19] [20] that the shape and width of the 2D band can be used for the identification of the mono-, bi-, and threelayered graphene.
(ii) The overtone of the D'-peak (2D') and combination G * (G * = iTA + LA phonons), as well as (D+D') bands, occur around 3230, 2450, and 2930 cm −1 , respectively (see [21] ).
Results and Discussion
Two areas with different surface morphologies are observed by optical microscopy (Figure 1(a) ): a clear relief (ridge-like 2
Journal of Spectroscopy formations) lying along <001> directions covers the first area denoted as DLC while the second area (denoted as αC) is covered by an inhomogeneous film with a constant depth. It should be also mentioned that optical inhomogeneities are observed on the DLC as well as αC-marked areas. It should be recalled that the Raman spectrum (excited at 633 nm laser wavelength) taken from αC-and DLC-denoted areas (see [8] ) contains all features typical for graphene: symmetric and clearly pronounced 2D band with full width at a half maximum (FWHM) of 40-56 cm −1 , I 2D /I G ratio between 2 and 3.5, and I 2D /I D ratio between 2 and 4. However, the 2D band appears at about 2660-2668 cm −1 (for single-and bilayered graphene, respectively), that is, it is blueshifted by about 20 cm −1 relative to the results presented in [15, 22, 23] . Due to the double-resonance origin of most of the monitored spectral features, we perform a Raman spectroscopy examination of as-deposited defected graphene at 488, 514, and 633 nm excitation wavelengths and the results are presented in Figure 2 . The results of the deconvolution indicate the presence of single-, bi-, and three-layered defected graphene, respectively (see [15] [16] [17] [18] [19] [20] ). We did not establish a clear difference between the graphene layers deposited on αC and DLC interlayers; however, bi-and three-layered areas were more frequently observed on DLC interlayers. The results for predominantly single-layered (SL) and bilayered (BL) defected graphene (according to the deconvolution of 2D bands) are summarized in Table 1 .
In order to access the interlayers as well as graphene flakes for Raman examination, the so-called Scotch tape ) were transferred on Si/SiO 2 and examined by Raman spectroscopy. The Raman spectra are enhanced due to interference effects caused by the SiO 2 300 nm layer over the Si substrate, and I 2D /I G varies in the range 3.5-6.0. However, it was impossible to isolate single-layered graphene flake (or to obtain clear Raman response of single-layered graphene) in this way. The exfoliated flakes were never transparent (see point 1 in Figure 1(b) ). The best spectra were recorded from the points in a darker contrast (point 2 in Figure 1(b) ), but the FWHM of 2D Raman band remains >35 cm . Moreover, the D" band slightly overlaps with the second order of Si substrate when the spectrum is excited at 514 as well as 488 nm laser wavelengths.
After peeling the tape off the specimen, the interlayer between the upper flake and the substrate is accessed. The remaining interlayers have different optical contrasts (see Figure 1(c) ) and Raman spectra: the spectrum of typically retained interlayer (point 1 in Figure 1 (c)) in Figure 5 is very similar to that of turbostratic graphite (see [24] ), but weak peaks of C 70 fullerenes (the features observed at about 1450 and 1530 cm −1 (see [25, 26] )) are also clearly distinguished ( Figure 5 ). The strong modes of fullerenes C 70 at about 1180 and 1568 cm −1 are merged with D" and G bands. The Raman spectra ( Figure 6 ) taken from points 2 and 3 ( Figure 1(c) ) are similar as they contain the most prominent modes of C 70 peaks at 1160, 1220, 1454, 1526, and 1565 cm −1 [25, 26] , nanodiamond (Nd) peaks at 1330 and 1620 cm −1 (see [27] ), and turbostratic graphite. The D, G, and D' bands are found at 1335, 1590, and 1612 cm −1 , respectively, but in a different proportion: the spectrum from point 3 is dominated Journal of Spectroscopy by the peaks of C 70 and Nd while the spectrum from point 2 is dominated by turbostratic graphite (see Figure 6 ). It should be also remarked that features of C 60 fullerenes (see, e.g., [25, 26] ) were not observed.
As it was mentioned above, the D" band overlaps with the second-order band of Si substrate especially when the spectrum is excited at 488 and 514 nm laser wavelengths. In order to distinguish the dispersion of the D" band of several Scotch tape methods, exfoliated flakes were transferred on glass substrates. The flakes have very similar surface morphology to those transferred on SiO 2 /Si substrates (Figure 1(d) ). The Raman spectrum of such flakes is not significantly different from that of the as-deposited layers ( Figure 7) ; however, the D" band appears at 1096 (for 488 nm excitation) and at 1135 cm −1 (for 633 nm excitation), respectively, that is, they coincide with the data of Herziger et al. [14] .
According to the above results, we conclude that the exfoliation by the Scotch tape method does not enable splitting up between the defected graphene and the interlayers (especially the αC-designated one). Another way for exfoliation was probed (by exfoliation on epoxy resin), and the optical micrograph image of the area of the edge of a resin bubble and the Raman spectrum taken from this area (excited at 633 nm) are shown in Figures 1(e) and 8 , respectively. The Raman spectrum of epoxy resin does not contain any features in the 2D region of graphene (upper (i.e., it corresponds to single-layered graphene-blue trace). 5 Journal of Spectroscopy trace in Figure 8) ; hence, 2D bands of a single-and bilayered graphene were identified at the edge of a lot of bubbles on the surface of the resin (Figure 1(e) ). It should be clearly remarked that the measured FWHM of the 2D band of such single-layered graphene is about 27-29 cm , that is, it remains upshifted with about 10-15 cm −1 . Recently, Li et al. [28] established that the intensity of 2D band varies as a cosine to the fourth power when the laser propagation direction is parallel to the graphene layer and the polarization is rotated around it. They also derived the orientation distribution function of monolayered graphene as well as that of graphene paper and highly oriented pyrolytic graphite. We perform similar measurements in X(Y φ Y φ )X geometry, φ being the angle between the incident laser beam polarization and the graphene layer plane; Z is the axis perpendicular to the graphene plane, and the laser beam propagates transversely to the graphene layer along the X direction (see Figure 9(a) ). The excitation laser beam was focused in a manner to comprise no more than 30% of the edge of the Si substrate and graphene film (Figure 9(a) ). The parallel scattering geometry was used. The measurements were performed starting from φ = 0°(corresponding to X(YY)X in Porto notations) and finished at φ = 180°. The preliminary results of these rotational angle-dependent Raman measurements of as-deposited specimen are presented in Figure 9 . The signal significantly drops upon changing the angle from 0°to 90°and increases again in the interval between 90 and 180°which resembles indeed the cos 4 law. At 90°(corresponding to X(ZZ)X in Porto notations), the Raman signal is very weak but still observable (Figure 9 ), and the rotational angle-independent features of C 70 fullerenes and nanodiamond (Nd) dominate the spectrum. The residual features in the Raman spectra taken at φ = 90°point out that the measured polarized Raman spectra are taken from graphene deposited on DLC interlayer. The measurements in this scattering geometry (X(YY)X in Porto notations) access measurements of the interlayer/s without exfoliation. On the other hand, the polarized Raman study confirms the deposition of graphene because the intensities of the most prominent Raman features of graphite (D, G, and 2D bands) show similar behavior in similar conditions as those of graphene. However, the intensity of the Raman features of graphene decreases significantly slower than those of graphene as it is shown in [28] .
It is worth noting that the 2D band from the singlelayered graphene regions is symmetric and strong, but it is somewhat broadened with FWHM of about 40-42 cm −1 and is blueshifted by 15-20 cm −1 in as-grown specimens. It is well known that such behavior is usually related to strain (see [29] [30] [31] [32] ) and doping [33] . Moreover, Lee et al. [34] and Bouhafs et al. [35] experimentally studied the influence of these parameters on the position and FWHM of G and 2D bands in single-and bi-/multilayered graphene, respectively. The deduced simple plot of the 2D versus G band positions enables distinguishing the influence of doping and strain on the positions of G and 2D bands. In our singlelayered specimens, the G band is slightly uphifted by 1-2 cm −1 while the 2D band is more significantly blueshifted and broadened by 10-20 cm −1 . Therefore it can be assumed that the 2D band blueshift and broadening are due to the lattice strain predominantly as well as to the doping. It can be suggested that the lattice strain is due to the bonding between graphene and the interlayers while the doping should be related to charge transfer from the interlayers/interfaces to graphene as well as to different intrinsic (grain boundaries, etc.) and extrinsic (trapped nitrogen, oxygen, and impurities during the deposition) defects, that is, it can be related to the influence of the interlayers/substrates as well as of the deposition process.
Conclusions
We extended the analysis of defected graphene deposited by CVD as well as the two types of interlayers between the defected graphene layer/s and Si substrates by both Journal of Spectroscopy unpolarized and polarized Raman spectroscopy. The performed Raman spectroscopy examination of as-deposited defected graphene at 488, 514, and 633 nm excitation wavelengths enables the most of the monitored spectral features of double-resonance origin (D, D", and 2D bands). The Raman studies of exfoliation by the so-called Scotch tape method revealed that (a) the composition of the designated DLC interlayers varies with depth: the initial layers on the Si substrate consist of a mixed phase of turbostratic graphite, nanodiamond/diamond-like carbon, and C 70 fullerenes while the upper ones are dominated by diamond-like carbon and some C 70 fullerenes and (b) the amorphous carbon interlayer is dominated by turbostratic graphite and contains a larger quantity of C 70 than the DLC-designated interlayers. Singleand bilayered defected graphene flakes were exfoliated on epoxy resin. The preliminary results of polarized Raman experiments show that the intensity of the 2D band varies as a cosine to the fourth power when the laser propagation direction is parallel to the graphene layer and the polarization is rotated around it which is an additional indication of the deposition of single-layered graphene. The results of Raman spectroscopic studies of as-grown and exfoliated graphene films tend to assume that the observed slight upshift of the 2D band as well as the broadening of 2D band is due to the strain and can be related to the bonding between the graphene and the interlayers, that is, it could be regarded as an influence of the interlayers between the defected graphene and the Si substrates.
